Atopic dermatitis (AD), also known as atopic eczema, is a very common inflammatory skin disorder and affects ∼5--20% of children worldwide. The incidence of AD has increased over the past 20 years, particularly in Africa, Eastern Asia, Western Europe, and parts of Northern Europe.^[@bib1]^ The pathogenesis of acute AD is associated with Th2-dominant inflammation, characterized by dermal infiltration of CD4^+^ T cells and eosinophils and increased levels of immunoglobulin E (IgE) and Th2 cytokines.^[@bib2]^ There is no known cure for AD. There are several treatment approaches for AD such as emollients, topical glucocorticosteroids, calcineurin inhibitors, phototherapies, and immunosuppressants such as cyclosporine A.^[@bib3],\ [@bib4]^ These therapies reduce inflammation, but they also cause side effects.^[@bib4]^ Therefore, development of new therapeutic approaches is necessary for AD treatment.

Mesenchymal stem cells (MSCs) exert immunosuppressive effects, including suppression of T-cell proliferation, inhibition of dendritic cell function, suppression of B-cell proliferation and terminal differentiation, and immunomodulation of other immune cells such as natural killer (NK) cells and macrophages.^[@bib5],\ [@bib6]^ Because of their ability to modulate immune responses, MSCs are considered a therapeutic source for the treatment of patients with inflammation-related diseases, such as graft-versus-host disease (GvHD),^[@bib7]^ collagen-induced arthritis (CIA),^[@bib8],\ [@bib9]^ experimental autoimmune encephalomyelitis (EAE),^[@bib10]^ systemic lupus erythematosus,^[@bib11]^ sepsis,^[@bib12]^ acute pancreatitis (AP),^[@bib13]^ colitis,^[@bib14]^ and multiple sclerosis (MS).^[@bib15]^

In terms of the immunomodulation mechanism of MSCs, it has been suggested that MSC-mediated immunosuppression requires the preliminary activation of MSCs by immune cells through the secretion of the proinflammatory cytokine interferon (IFN)-*γ* alone or in conjunction with tumor necrosis factor (TNF)-*α*, interleukin (IL)-1*α*, or IL-1*β*.^[@bib16],\ [@bib17]^ An *in vivo* GvHD model further substantiated such views by demonstrating that IFN-*γ* is necessary for MSCs to suppress disease development.^[@bib18]^ Therefore, Th1-mediated diseases are mostly selected for treatment by MSCs; however, the effects of MSCs on Th2-related diseases have not been studied extensively. A few recent studies have demonstrated the effects of MSCs on allergic diseases such as rhinitis and asthma.^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ However, the effects of MSCs on AD have not been fully explored. We isolated both allogeneic and syngeneic clonal MSCs (cMSCs) from mouse bone marrow by using the subfractionation culturing method (SCM) and established cMSC lines.^[@bib23],\ [@bib24]^ We hypothesized that MSCs exert their immunomodulatory effects on allergic inflammation in skin disorders. To test this hypothesis, we administered syngeneic and allogeneic cMSCs into ovalbumin (OVA)-induced AD mice and evaluated their therapeutic effects.

Results
=======

Characterization of bone marrow-derived cMSCs
---------------------------------------------

The cMSCs were isolated from the bone marrow of allogeneic (C3H/HeN) and syngeneic (Balb/c) mice according to our newly established isolation protocol, SCM, as described in the Materials and Methods section.^[@bib23],\ [@bib24]^ The cell surface epitopes of the cMSCs were analyzed by flow cytometry. The results revealed that the cMSCs were strongly positive for Sca-1, CD44, CD73, and CD105, and were negative for major histocompatibility complex (MHC) class II, CD45, CD103, and CD117. Allogeneic cMSCs were differentiated into osteocytes and chondrocytes, whereas syngeneic cMSCs were differentiated into adipocytes and chondrocytes ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

The cMSCs suppress T-cell proliferation and cytokine production
---------------------------------------------------------------

Next, we examined T-cell proliferation to test the immunosuppressive potential of cMSCs. Splenocytes were stimulated with anti-CD3 and anti-CD28 antibodies in the presence of cMSCs. T-cell proliferation was measured by thymidine incorporation. As shown in [Figure 1](#fig1){ref-type="fig"}, T-cell proliferation was significantly inhibited by both syngeneic and allogeneic cMSCs, even under 1 : 100 (cMSC/splenocytes) co-culture conditions. IFN-*γ* and IL-4 production were significantly suppressed by both cMSCs, and this suppression was cell--cell contact dependent. When we used a Transwell system, cMSCs did not inhibit cytokine productions ([Figure 2a](#fig2){ref-type="fig"}). Cytokine suppression by cMSCs occurred at the level of transcription ([Figure 2b](#fig2){ref-type="fig"}). Both T-bet and GATA-3, which are transcription factors for *IFN-γ* and *IL-4*, respectively, were suppressed by cMSCs ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Inhibition of T-cell proliferation and IFN-*γ* production were rescued in the presence of the nitric oxide (NO) inhibitor, L-NMMA, suggesting that inhibition of T-cell proliferation and IFN-*γ* production were NO dependent ([Figure 2c](#fig2){ref-type="fig"}). However, suppression of IL-4 production was not NO dependent. Although the suppression of GATA-3 and c-Maf, which are Th2-type transcription factors, by cMSCs was rescued by the NO inhibitor, *IL-4* expression was still inhibited by cMSCs ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The cMSCs differentially regulate IL-4 cytokine production compared with IFN-*γ* expression.

The cMSCs suppress B-cell proliferation and IgE production
----------------------------------------------------------

A few recent studies have elucidated the effects of MSCs on B cells, including inhibition of terminal differentiation.^[@bib25]^ However, the regulation of IgE by MSCs has not yet been reported. Therefore, we investigated whether cMSCs directly inhibited IgE production of B cells. For the induction of IgE *in vitro*, purified B cells were stimulated with lipopolysaccharide (LPS)^[@bib26]^ or anti-CD40 antibodies in the presence of IL-4.^[@bib27],\ [@bib28]^ Under these conditions, we first investigated whether allogeneic cMSCs affect B-cell proliferation. The cMSCs were co-cultured with B cells and proliferation and cell division were measured. Although cMSCs inhibited B-cell proliferation under both conditions, cell division was more significantly blocked by cMSCs in the presence of anti-CD40 antibody than LPS ([Figure 3a](#fig3){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). IgE production in culture media was significantly suppressed by cMSCs, and this suppression was cell--cell contact dependent ([Figure 3b](#fig3){ref-type="fig"}). We also measured the number of IgE-producing cells by flow cytometry. IgE-producing cells were significantly suppressed by cMSCs ([Figure 3c](#fig3){ref-type="fig"}). Similar results were obtained in another experiment with syngeneic cMSCs ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). These results suggested that cMSCs inhibit not only B-cell proliferation but also IgE production via cell--cell contact.

Inhibition of class switch DNA recombination and plasma cell differentiation by cMSCs
-------------------------------------------------------------------------------------

Germline transcription from isotype-specific promoters is required for class switch DNA recombination (CSR).^[@bib28]^ We investigated whether IgE suppression by cMSCs reflects the inhibition of CSR. The levels of germline transcripts (GLTs) and post-switch transcripts (PSTs) were examined by reverse transcription-PCR (RT-PCR) on days 2 and 3. *ɛ*-GLT and *ɛ*-PST are regarded as the hallmarks of IgE isotype class switching.^[@bib29]^ As shown in [Figure 4a](#fig4){ref-type="fig"}, the levels of both *ɛ*-GLT and *ɛ*-PST were significantly decreased by cMSCs under LPS/IL-4 stimulated conditions, whereas both transcripts were weakly decreased by cMSCs under anti-CD40/IL-4 stimulation. These results indicate that cMSCs suppress IgE production via different mechanisms, according to stimulation.

Several factors are important for CSR and plasma cell differentiation, such as BCL-6, PAX5, activation-induced cytidine deaminase (AID), XBP1, and BLIMP-1.^[@bib30]^ Therefore, we measured their mRNA expression by real-time RT-PCR. Under stimulation, expression levels of *BCL-6* and *PAX5* were decreased, whereas expression levels of *XBP-1*, *AID*, and *BLIMP-1* were increased, indicating that B cells under both conditions were in the process of CSR and differentiation into plasma cells. However, expression of *PAX5* and *XBP-1* did not change by cMSCs, whereas the expression of *BLIMP-1* was significantly decreased and *BCL6* expression was slightly increased in the presence of cMSCs. Intriguingly, both protein and mRNA expression of Blimp-1 were significantly decreased by cMSCs, whereas the mRNA level of *AID* was increased but the protein level was significantly decreased by cMSCs ([Figures 4b and c](#fig4){ref-type="fig"}). These findings suggest that Blimp-1 and AID may be transcriptionally and post-transcriptionally regulated by cMSCs, respectively. Collectively, these results indicate that cMSCs affect both CSR and B-cell differentiation by inhibiting *AID* and *BLIMP-1*.

The cMSCs suppress AD in the mouse model
----------------------------------------

It is now generally accepted that MSCs are hypoimmunogenic as they do not express MHC class II.^[@bib31]^ However, we wanted to exclude the allograft rejection response in this AD mouse model. Therefore, we used both allogeneic and syngeneic cMSCs. Using cMSCs that suppressed both T cells and B cells, we examined the therapeutic effects of both allogeneic and syngeneic cMSCs on AD. We used the OVA-induced AD mouse model.^[@bib32]^ Mice were intraperitoneally sensitized with 10 *μ*g of OVA on days 1, 7, and 14, and epicutaneously sensitized in patches with 10 *μ*g of OVA in 100 *μ*l of phosphate-buffered saline (PBS). Epicutaneous sensitization comprised two 1-week exposures to OVA. The cMSCs (2 × 10^5^ cells) were intravenously injected 3 times between the epicutaneous sensitization procedures ([Figure 5a](#fig5){ref-type="fig"}). Decreased cell infiltration in the skin was observed in mice treated with both allogeneic and syngeneic cMSCs compared with that in the PBS control group ([Figure 5b](#fig5){ref-type="fig"}). Severity score of skin lesions and thickness of epidermis and dermis were significantly decreased by cMSCs ([Figure 5c](#fig5){ref-type="fig"}). Mast cells, T cells, and eosinophils were identified by toluidine blue, anti-CD3 antibodies, and H&E staining, respectively. These cells were also significantly decreased by cMSCs ([Figures 5b and c](#fig5){ref-type="fig"}). The total and OVA-specific IgE levels were significantly decreased in sera of mice treated with both cMSCs. The total level of IgG2a was significantly increased by both cMSCs, but OVA-specific IgG2a was not affected ([Figure 5d](#fig5){ref-type="fig"}). IL-4 expression in lymph nodes and skins were also examined. IL-4 mRNA expression in these tissues was significantly decreased by cMSCs ([Figure 5e](#fig5){ref-type="fig"}), consistent with the *in vitro* result ([Figure 1](#fig1){ref-type="fig"}). Expression of IFN-*γ*, IL-10, and TGF-*β* did not change by cMSCs in lymph nodes. Expression of Foxp3, which is a marker for regulatory T cells, was also not affected by cMSCs ([Figure 5f](#fig5){ref-type="fig"}). These results indicate therapeutic effects on AD by both allogeneic and syngeneic cMSCs.

The cMSCs migrated to skin lesions and draining lymph nodes in the AD mouse model
---------------------------------------------------------------------------------

To examine the cMSC migration pattern *in vivo*, CM-DiI-stained cMSCs were intravenously injected into PBS control mice and AD mice ([Figure 6a](#fig6){ref-type="fig"}). After 3 days, CM-DiI-cMSCs were analyzed by confocal microscopy. The cMSCs were only detected in the epicutaneously sensitized skin of AD mice but not in the skin of PBS-injected control mice, whereas cMSCs in the lung were comparable between PBS and AD mice ([Figure 6b](#fig6){ref-type="fig"}). This finding suggests that cMSCs migrate into the area of inflammation. To compare the cMSC migration pattern between lesional and nonlesional skin in AD mice, OVA patches were attached to only the left side of mice ([Figure 6a](#fig6){ref-type="fig"}). At 3 days after CM-DiI-stained cMSC injection, axillary lymph nodes were analyzed. More cMSCs were detected in the left lymph node that was located near the lesion ([Figure 6c](#fig6){ref-type="fig"}). This result suggests that cMSCs may migrate to the area of inflammation through lymph nodes near the lesions, and then possibly suppress the IL-4 expression by inhibiting effector cells ([Figure 5e](#fig5){ref-type="fig"}).

Discussion
==========

Here, we demonstrated for the first time that cMSCs suppress OVA-induced AD in mice, probably through the inhibition of IL-4 and IgE production. As MSCs have been shown to suppress Th1 cytokine production in T cells and to require IFN-*γ* to exercise their suppressive capability, MSCs have been frequently used in the treatment of Th1-mediated diseases such as CIA, EAE, and SLE.^[@bib9],\ [@bib10],\ [@bib11]^ Consequently, MSCs are less likely to be used in the treatment of Th2-mediated diseases. Several recent studies have shown that MSCs can prevent allergic airway inflammation.^[@bib19],\ [@bib20],\ [@bib21]^ However, the effects of MSCs on Th2 responses are controversial. Some studies have found that IL-4 production is significantly increased in the presence of human MSCs during Th2 differentiation.^[@bib33],\ [@bib34],\ [@bib35],\ [@bib36]^ On the other hand, other studies have found that MSCs reduce IL-4 and IL-5 production.^[@bib37],\ [@bib38],\ [@bib39]^ The differences between the studies may have resulted from the use of different MSC lines. MSCs have been well characterized in the treatment of GvHD. However, our recent report showed that different MSC lines had different efficacy on the treatment of GvHD,^[@bib40]^ suggesting that the immumodulatory properties of each MSC line may vary.

We isolated cMSCs from the bone marrow of Balb/c and C3H mice. These cMSCs suppressed both Th1 and Th2 responses and even IgE production of B cells. Using a Transwell system, we demonstrated that the inhibition of IFN-*γ* and IL-4 production by cMSCs was cell--cell contact dependent. The molecular mechanism and the identity of the cell surface molecule(s) responsible for the inhibition are still unknown. However, both cytokines appear to be transcriptionally regulated because *T-bet*, *c-Maf*, and *GATA-3* expression levels were decreased by cMSCs. These transcription factors were also NO dependent and were responsible for IFN-*γ* inhibition but not for IL-4 expression by cMSCs ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The molecular mechanisms by which cMSCs inhibited IL-4 expression should be elucidated in the future.

In addition, we demonstrated for the first time that cMSCs directly inhibited the IgE production of B cells that were stimulated with either LPS or anti-CD40 antibodies in the presence of IL-4. We also observed decreased IgG1 expression by cMSCs ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). As our cMSCs express the IL-4 receptor but not TLR4 on their cell surface, it can be argued that cMSCs can uptake recombinant IL-4 from the medium, resulting in IgE suppression. We excluded this possibility in our study. When we used a Transwell system, cMSCs did not suppress IgE production; this would be the case if the IL-4 receptors expressed on cMSCs interfered with IgE expression. The inhibition of IgE was cell--cell contact dependent. Therefore, it is likely that other factors are involved in suppression of IgE by cMSCs.

The cMSCs significantly inhibited *ɛ*-GLT and *ɛ*-PST in B cells stimulated with LPS/IL-4. The efficiency of CSR critically depends on the level of AID that is tightly regulated in a B-cell differentiation stage-specific manner.^[@bib30],\ [@bib41]^ For example, the NF-*κ*B p52 subunit and the p65 subunit regulate AID expression by binding to the *AID* gene promoter and upstream enhancers, respectively.^[@bib42],\ [@bib43]^ In this study, AID mRNA did not change by cMSCs, implying that NF-*κ*B activation is not affected by cMSCs. However, the protein level of AID was significantly inhibited by cMSCs. As AID is regulated by microRNAs, such as miR-155,^[@bib44],\ [@bib45]^ we investigated whether cMSCs affect miR-155 expression in B cells. We observed that miR-155, which is responsible for AID regulation, was induced in the presence of cMSCs (K Na, unpublished data). The cMSCs could negatively regulate AID expression probably via the upregulation of microRNAs such as miR-155. In contrast to *AID*, *BLIMP-1* mRNA was significantly inhibited by cMSCs, suggesting that cMSCs may affect transcription factors regulating the BLIMP-1 expression.

When both syngeneic and allogeneic cMSCs were intravenously administered in OVA-induced AD, cell infiltration into the skin lesions and IgE production in sera were significantly decreased compared with those observed in the PBS-treated control mice. OVA-specific IgG1 production was significantly decreased by allogeneic cMSCs but not by syngeneic cMSCs, whereas both cMSCs did not affect OVA-specific IgG2a production. Allogeneic cMSCs appeared to be better for therapeutic effects of the AD than syngeneic cMSCs. However, both cMSCs significantly increased total IgG2a production in sera. It has been reported that MSCs express IL-27,^[@bib46]^ which induces IgG2a in B cells.^[@bib47]^ We speculate that administration of cMSCs may induce IL-27 that results in IgG2a induction in sera.

There have been several reports showing that MSCs suppress Th2-mediated diseases such as allergic airway inflammation and allergic rhinitis via regulatory T-cell responses.^[@bib20]^ However, we could not detect a difference in Foxp3^+^CD25^+^ CD4^+^ T cells after cMSC treatment. In contrast, we could observe a significant decrease in CD25^+^ CD4^+^ T cells in the presence of cMSCs when we stimulated splenocytes with anti-CD3 and anti-CD28 antibodies (data not shown). Furthermore, Foxp3 expression in lymph nodes did not change after administration of cMSCs in AD mice ([Figure 5f](#fig5){ref-type="fig"}). These results suggest another mechanism in addition to regulatory T cells.

The cMSCs were observed only in the OVA-induced skin lesion but not in PBS-treated mice, and this suggests that cMSCs can migrate into an inflamed skin area, even by intravenous administration. Intriguingly, more cMSCs were detected in the left-side lymph nodes near the lesion area when we boosted the antigen response on only the left side of the skin area using OVA patch. This suggests that cMSCs may migrate to skin lesions through draining lymph nodes. The reduced cell infiltration in the skin lesion after administration of cMSCs could be because of migration of some cMSCs into the inflamed area and may be resulting in reduced generation of effector T cells. The other portion of cMSCs may remain in secondary lymphoid organs to block the migration of effector T cells to the inflammatory region. More studies should be performed to confirm this speculation.

In conclusion, we demonstrated that intravenously injected cMSCs are capable of suppressing AD via inhibition of IL-4 and IgE production in T cells and B cells, respectively. In addition, cMSCs migrated to draining lymph nodes and the inflamed skin lesion that may result in the inhibition of effector cell migration ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). There was a report of a clinical trial using adipose tissue-derived MSCs for the treatment of four AD patients, showing decreased clinical scores and inflammatory responses.^[@bib48]^ Our findings along with the human clinical trial data could open the door for the development of a new therapeutic strategy to treat AD patients.

Materials and Methods
=====================

The cMSC culture
----------------

The cMSCs were isolated from the bone marrow of C3H/HeN and Balb/c mice according to the SCM protocol^[@bib23],\ [@bib24]^ and maintained using Dulbecco\'s modified Eagle Medium (DMEM) low glucose, 10% fetal bovine serum (Gibco, Grand Island, NY, USA), and 1 × antibiotic-antimycotic solution (Gibco) at 37°C in 5% CO~2~. Cells from passages 12--25 were used in this study. The cMSCs were characterized by flow cytometry according to the cell surface antigens and the differentiation potential into adipocytes, chondrocytes, and osteocytes.^[@bib23]^ The following antibodies were purchased from BD Bioscience (San Diego, CA, USA): CD44 (IM7), CD45 (30F11), CD73 (TY/11.8), CD105 (FAB1320F), CD117 (2B8), MHC II (2G9), Sca-1 (D7).^[@bib23]^ Mycoplasma in cMSCs was routinely examined by using a mycoplasma detection kit (e-Myco, iNtRON, Sungnam, Korea). Used cMSCs were mycoplasma-free lines.

T-cell proliferation and cytokine assay
---------------------------------------

To investigate the effect of the cMSC on T-cell proliferation, 2 × 10^5^ splenocytes from Balb/c mice were stimulated with 1 *μ*g/ml of anti-CD3 and anti-CD28 antibodies (BD Bioscience, San Jose, CA, USA), together with 1 × 10^4^ cMSCs (or indicated otherwise) in a 96-well plate for 3 days. During the final 12--16 h culture, 1 *μ*Ci/well ^3^H-thymidine was added and T-cell proliferation was determined by thymidine incorporation. To detect cytokines, 1 × 10^6^ splenocytes were stimulated with 1 *μ*g/ml of anti-CD3 and anti-CD28 antibodies together with 5 × 10^4^ cMSCs in a 24-well plate. For the Transwell experiment, 24-well Transwell plates with a 0.4-*μ*m pore membrane (Corning, Oneonta, NY, USA) were used to separate the splenocytes from the cMSCs. After 48 h of stimulation, IFN-*γ* and IL-4 levels were measured by ELISA according to the manufacturer\'s protocol (BD Bioscience, San Diego, CA, USA).

B-cell proliferation and antibody assay
---------------------------------------

Naive B cells were purified by EasyStep magnetic beads (STEMCELL Technologies, Vancouver, BC, Canada). Purified cells (2 × 10^5^ cells) were stimulated with either 10 *μ*g/ml LPS or 5 *μ*g/ml anti-CD40 in the presence of 30 ng/ml recombinant IL-4 (Creagene, Seoul, Korea) and 1 × 10^4^ cMSCs (or indicated otherwise) in a 96-well plate. After 3 days of culture, B-cell proliferation was determined by the incorporation of ^3^H-thymidine (1 *μ*Ci/well). Using flow cytometry, B-cell division was monitored by CFSE (Sigma-Aldrich, St. Louis, MO, USA) after 3 days of culture. To detect antibody production, 1 × 10^6^ purified B cells were stimulated with LPS/IL-4 or anti-CD40/IL-4 together with 5 × 10^4^ cMSCs in a 24-well plate. For the Transwell experiment, 24-well Transwell plates with a 0.4-*μ*m pore membrane (Corning) were used to separate B cells from the cMSCs. After 5 days, IgE and IgG1 were measured by ELISA according to the manufacturer\'s protocol (BD Bioscience, San Jose, CA, USA). To measure IgE-producing B cells, cells were cultured for 3 days, brefeldin A was added during the final 6 h culture period, and then intracellular IgE production was detected by flow cytometry.

Nitrite assay
-------------

NO production was measured in supernatants collected after 48 h of culture. Briefly, 50 *μ*l of Griess reagent (prepared with reagents from Sigma, St. Louis, MO, USA) was added to 50 *μ*l of culture media, and the absorbance was read at 550 nm using an automated plate reader. Nitrite concentration was calculated from a NaNO~2~ standard curve.

AD induction
------------

Balb/c mice were used for the experiments. Animal care and all experimental procedures were conducted in accordance with the Guide for Animal Experiments published by the Korea Academy of Medical Science. AD was induced as previously described with some modifications.^[@bib49]^ We used six mice per group. Briefly, mice were immunized with 10 *μ*g of chicken OVA (grade V; Sigma) mixed with 4 mg of aluminum hydroxide (ImjectAlum; Pierce, Rockford, IL, USA) in a volume of 200 *μ*l 3 times at 1-week intervals (i.e., days 0, 7, and 14). The mice were epicutaneously sensitized with OVA patches on day 21. OVA (10 *μ*g) prepared in 100 *μ*l of PBS was contained in a 1 × 1-cm patch of sterile gauze that was placed on the shaved backs of mice and secured to the skin with a transparent dressing (Tegaderm; 3M, St. Paul, MN, USA). The patch was changed daily, and the skin was kept in contact with the OVA for 7 days. Thereafter, cMSCs (2 × 10^5^ cells) were intravenously injected into mice on days 29, 31, and 33. The skin was re-exposed to OVA for 7 days. On day 43, sera and skin biopsy specimens were obtained for ELISA and histological examination, respectively. Mast cells, T cells, and eosinophils in skins were determined by toluidine blue, anti-CD3 antibodies, and H&E staining, respectively. Cells were counted from three randomly selected fields per slide using a microscope. Two slides per mouse were examined. The three fields were first identified by scanning the entire slide at × 100 magnification. The positively stained cells were counted in high-powered-field (HPF, × 400). AD experiments have been done twice using syngeneic cMSCs and three times using allogeneic cMSCs. Similar results were obtained.

AD severity scoring
-------------------

The severity of dermatitis was assessed macroscopically according to the following scoring procedure and was expressed as the sum of the individual score grades from 0 (no symptoms), 1 (mild), 2 (moderate), to 3 (severe) for each of the following five signs and symptoms: (1) pruritus/itching, (2) erythema/hemorrhage, (3) edema, (4) excoriation/erosion, and (5) scaling/dryness, as described previously.^[@bib50]^

CM-DiI labeling
---------------

For detection of cMSCs in mice, cMSCs were labeled with CellTracker CM-DiI (Invitrogen, Carlsbad, CA, USA). Twenty million cells were resuspended in DPBS along with 1 *μ*g/ml of CM-DiI dye, incubated for 5 min at 37°C, and further stained at 4°C for 15 min. Cells were washed twice with DPBS and resuspended in 1 ml of DPBS for transplantation.

*In vivo* injection and tracking of cMSCs
-----------------------------------------

For detection experiments of CM-DiI-labeled cMSCs, mice were immunized with 10 *μ*g of chicken OVA/Alum for three times at 1-week intervals. The mice were epicutaneously sensitized with OVA patches on day 21. To distinguish lesion and nonlesion, the patch was placed on the left side of mice to compare with the nonpatch side of skin. We used three mice per group. After 1 week, 1 × 10^6^ CM-Dil-labeled cMSCs were delivered by tail vein injection. Mice were killed at 3 days after MSC injection, and various organs (lung, skin, and lymph nodes) were isolated. Each organ was embedded in OCT compound, quickly frozen in liquid nitrogen, and stored at −80°C. Sections were cut into 7-*μ*m slices. The labeled MSCs were visualized using a confocal microscope (Fluoview FV1000, Olympus, Tokyo, Japan). CM-DiI-labeled cMSCs were counted from three randomly selected fields per slide using a microscopy. Two slides per mouse were examined. The three fields were first identified by scanning the entire slide at × 100 magnification. The positively stained cells were quantified by counting cells in HPF ( × 400). Similar results were obtained in two independent experiments.

Isolation of RNA and RT-PCR analysis
------------------------------------

Total RNA was extracted from B cells using easy-BLUE (iNtRON) and cDNA was prepared using a QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) according to the manufacturer\'s instructions. The cDNA products were amplified with SYBR Green Quantitative PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The primers (QuantiTect Primer Assays) are all commercially available and validated by Qiagen. Reactions were carried out in the StepOnePlus Real-Time PCR System (Applied Biosystems); the conditions for PCR running were as follows: for activating the DNA polymerase, hot start was performed for 10 min at 95°C, then cycling at 95°C for 15 s and 60°C for 1 min for a total of 40 cycles.

PCR for *ɛ-*GLT, *ɛ-*PST, and GAPDH was performed using standard procedures. Briefly, PCR was performed in a total volume of 20 *μ*l as follows: (1) denaturation: 5 min at 94°C; (2) amplification: 35 cycles for *ɛ-*GLT and *ɛ-*PST, and 25 cycles for GAPDH, 30 s at 94°C, 30 s at 58°C, and 30s at 72 °C; and (3) extension: 10 min at 72°C. Then, 10 *μ*l of each sample was run on a 1% agarose gel, stained with ethidium bromide, and viewed using ultraviolet light. PCR primers used were: *ɛ-*GLT: sense primer 5′-GCACAGGGGGCAGAAGAT-3′ and antisense 5′-CGTTGAATGATGGAGGAT-3′ *ɛ-*PST: sense primer 5′-CCAGGGTCATGGAAGCAGTG-3′ and antisense 5′-CTCTGGCCCTGCTTATTGTTG-3′ and GAPDH: sense primer 5′-CATCTTCCAGGAGCCAGACC-3′ and antisense 5′-TCCACCACCCTGTTGCTGTA-3′.

Immunoblotting
--------------

B-cell lysates were prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by immunoblotting as previously described.^[@bib51]^ Antibodies for AID, BLIMP-1, and *β*-Actin were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).

Statistical analysis
--------------------

Student\'s *t*-test was used to compare two independent groups in which the data were normally distributed. The statistical significances are indicated in the figure legend.
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![Suppression of T-cell proliferation and cytokine production by cMSCs. Splenocytes from Balb/c mice were stimulated with anti-CD3 and anti-CD28 antibodies in the presence or absence of cMSCs. Cells were cultured for 3 days. During the final 16 h culture period, 1 *μ*Ci ^3^H-thymidine was added and T-cell proliferation was determined by thymidine incorporation. Both syngeneic (**a**) and allogeneic (**b**) cMSCs significantly inhibited T-cell proliferation in a number-dependent manner. After 48 h of stimulation, IFN-*γ* and IL-4 levels were measured by ELISA. Both cMSCs inhibited IFN-*γ* and IL-4 production. Similar results were obtained in three independent experiments. M, cMSCs; S, splenocytes, \**P*\<0.001](cddis2014299f1){#fig1}

![Cell--cell contact- and NO-mediated T-cell suppression by cMSCs. Splenocytes from Balb/c mice were stimulated with anti-CD3 and anti-CD28 antibodies in the presence of allogeneic cMSCs. The 24-well Transwell plates with a 0.4-*μ*m pore membrane were used to separate the splenocytes from the cMSCs. After 48 h of stimulation, IFN-*γ* and IL-4 protein levels were measured by ELISA. (**a**) The cMSCs inhibited IFN-*γ* and IL-4 production in a cell--cell contact-dependent manner. (**b**) IFN-*γ* and IL-4 mRNAs were also inhibited by cMSCs. (**c**) To prove NO involvement, 1 M L-NMMA was added in culture media. The NO inhibitor L-NMMA rescued cMSC-mediated T-cell proliferation and IFN-*γ* production but not IL-4 production. Similar results were obtained in three independent experiments. CC, co-culture; TW, Transwell, \**P*\<0.001](cddis2014299f2){#fig2}

![Suppression of B-cell proliferation and IgE production by cMSCs. (**a**) Purified B cells from Balb/c mice were stimulated with either LPS or anti-CD40 antibodies in the presence of IL-4. Cells were cultured for 3 days. During the final 16 h culture period, 1 *μ*Ci ^3^H-thymidine was added and B-cell proliferation was determined by thymidine incorporation. The cMSCs slightly inhibited B-cell proliferation in a number-dependent manner. (**b**) To measure IgE production, cells were cultured for 5 days and IgE in culture media was measured by ELISA. IgE production was inhibited by cMSCs in a cell--cell contact-dependent manner. (**c**) To measure IgE-producing B cells, cells were cultured for 3 days. During the final 6 h culture period, brefeldin A was added. Intracellular IgE production was detected by flow cytometry. IgE-producing B cells were reduced by cMSCs. Similar results were obtained in two to three independent experiments. M, cMSCs; B, B cells; CC, co-culture; TW, Transwell, \**P*\<0.001](cddis2014299f3){#fig3}

![Suppression of isotype class switching and B-cell differentiation by cMSCs. (**a**) RNA was isolated from stimulated B cells. *ɛ*-GLT and *ɛ*-PST mRNA levels were significantly reduced in LPS/IL-4-stimulated B cells by cMSCs, whereas both transcripts were weakly decreased by cMSCs under anti-CD40/IL-4 stimulation. (**b**) Other transcription factors for B-cell differentiation were analyzed by real-time PCR. (**c**) The cMSCs inhibited BLIMP-1 and AID protein expression in B cells cultured for 4 days. Similar results were obtained in two to three independent experiments. \**P*\<0.001](cddis2014299f4){#fig4}

###### 

Suppression of AD by cMSCs. (**a**) Scheme of AD mouse model. Mice were immunized with OVA/Alum on days 0, 7, and 14 and epicutaneously sensitized with OVA patches on day 21 for 1 week. The cMSCs were intravenously injected 3 times between the epicutaneous sensitization procedures. The mice were killed on day 43, and the harvested OVA patch skin lesions. (**b**) Hematoxylin and eosin (H&E) staining of mice treated with PBS or cMSCs. Toluidine blue staining (lower panels) shows mast cell infiltration in mice skin. T cells in skin specimens were identified by FITC-conjugated anti-CD3 antibodies. Data are representative of three experiments. (**c**) Skin scoring, thickness, and leukocyte counts in mice skin shown as mean±S.E.M.; *n*=6 mice per group. HPF, high-powered field ( × 400). (**d**) The serum levels of total and OVA-specific antibodies were measured by ELISA. (**e**) IL-4 mRNA was detected either in lymph nodes or skin lesion, as determined by real-time PCR. (**f**) Levels of several cytokines in draining lymph nodes were determined by real-time PCR. (**d**--**f**) Each single dot in the graphs shows individual mouse results. Similar results were obtained in two to three independent experiments. Allo, allogeneic; Syn, syngeneic. ^†^*P*\<0.05, \**P*\<0.01 and \*\**P*\<0.001. Scale bar=100 *μ*m in all photomicrographs
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![Migration of cMSCs to a skin lesion and draining lymph nodes. (**a**) Scheme of treatment with CM-Dil-stained cMSCs in PBS control mice and OVA-induced AD mice. Mice were immunized with either PBS or OVA/Alum on days 0, 7, and 14 and epicutaneously sensitized with either PBS or OVA patches on day 21 for 1 week. On day 28, CM-DiI-stained cMSCs were intravenously injected into PBS control mice and AD mice. (**b**) Mice were killed on day 31, and skin and lungs were harvested. The cMSCs were detected in the lung and OVA-induced skin lesion. (**c**) OVA patches were treated on only the left side of the skin. At 3 days after CM-DiI-stained cMSCs injection, more cMSCs were detected in the left-side axillary lymph node than the right-side lymph node. CM-DiI-labeled cMSCs were counted in high-powered-field (HPF, × 400). Similar results were obtained in two independent experiments. \**P*\<0.001. Scale bar=100 *μ*m in all photomicrographs](cddis2014299f6){#fig6}
